The purpose of the present study was to evaluate the relationship between cognitive function, listening effort, and speech recognition for a group of younger and older adults with normal hearing and a group of older adults with hearing impairment in various types of background maskers. The authors hypothesize that, as the masker condition becomes more difficult listening effort will increase, but the increase will be greater for older participants than for younger participants.
INTRODUCTION
Many older listeners have poorer speech understanding than their younger hearing counterparts do, especially when they are listening to speech in the presence of background noise (Dubno & Ahlstrom 1997) . In fact, many older listeners, with and without hearing impairment, have little difficulty understanding speech in quiet listening conditions but have considerable difficulty understanding speech in noisy listening conditions, especially when the competing signal is speech (Plomp 1978) . A number of studies have supported the hypothesis that deterioration of the peripheral auditory system is the primary reason why older listeners have difficulty perceiving speech in background noise (Humes & Roberts 1990; Van Rooij & Plomp 1992; Souza & Turner 1994) . However, mounting evidence suggests that audibility alone cannot fully account for older listeners' difficulty understanding speech in noise (Dubno et al. 1984; Frisina & Frisina 1997; Gordon-Salant & Fitzgibbons 1999) . For instance, it has been reported that even when speech is made audible through the use of amplification, older hearing-impaired (OHI) individuals continue to have greater difficulty understanding speech presented in background noise than younger hearing-impaired individuals do (Duquesnoy 1983; Dubno et al. 1984; Schneider et al. 2002) . In addition, older listeners with normal thresholds often report that listening in noise is effortful, even when they are able to understand what is being said (CHABA 1988) .
It has been suggested that the speech-understanding difficulties of older listeners in background noise may be because of age-related changes in cognitive processing or because of a combination of age-related changes in cognitive processing and a decline in peripheral auditory function (Schneider et al. 2000; Wingfield & Tun 2001; Rudner et al. 2011 ). The latter hypothesis seems likely given that speech communication is a highly complex process that involves both peripheral auditory and cognitive functions. For example, a sound must first be audible to the listener, before the listener must selectively attend to the sound source, store the information in memory, use contextual cues to resolve ambiguities, and generate a response quickly. Any distortion or limitation of the incoming speech stimulus, such as background noise, would make processing speech more cognitively demanding (Gordon-Salant & Fitzgibbons 1997; Wingfield 2000; Ronnberg 2003) .
Numerous studies have reported that certain aspects of cognitive function, such as working memory, selective attention, and processing speed, are necessary for effective speech communication in noise (Gatehouse et al. 2003; Akeroyd 2008; Humes et al. 2006; Vaughn et al. 2006 ) and decline with increasing age (Salthouse 1985; Park 1999) . In a review of 20 studies on speech recognition and cognitive abilities, Akeroyd (2008) found that hearing sensitivity was the primary predictor of speech-recognition performance, whereas working-memory capacity, as measured by the Reading Span Test, was the second most important predictor. Similarly, Vaughn et al. (2006) reported that, when audibility is controlled for, working memory and processing speed were the most important predictors of speech recognition among older adults.
Although any type of background noise can distort a speech signal (Houtgast & Steeneken 1973) , competing-talker background noises are more likely to reveal differences in speech 262 DESJARDINS & DOHERTY / EAR & HEARING, VOL. 34, NO. 3, [261] [262] [263] [264] [265] [266] [267] [268] [269] [270] [271] [272] recognition as a function of age (Helfer & Freyman 2008) . Perhaps, this is because meaningful sound sources, such as competing talkers, can interfere with the processing of the target speech signal at the auditory periphery because of energetic masking and at cognitive levels as a result of informational masking (Freyman et al. 1999; Freyman et al. 2004; Li et al. 2004; Arbogast et al. 2005) . Because older individuals are more likely to have declines in working memory, processing speed, and selective attention, they may be more susceptible to the deleterious effects of informational maskers than younger individuals are (Tillman et al. 1973) .
In the present study, we hypothesize that the interference of background noise on a listener's ability to understand speech will be related to the degree of cognitive load in the task. That is, listening to speech in a background of competing talkers will require listeners to use more cognitive resources (i.e., working memory, processing speed, and selective attention) than when listening to speech in the presence of a nonspeech background noise. Thus, this suggests that a listener would expend more listening effort when listening to speech in a background of competing talkers compared with when listening to speech in a nonspeech background noise. Listening effort refers to the cognitive resource requirements necessary for an individual to understand speech (Broadbent 1958; Downs 1982; Feuerstein 1992; Tun et al. 2009 ). The most common behavioral method used for assessing listening effort is the dual-task paradigm (Broadbent 1958) , which is based on the theory that the brain has a limited capacity to respond to all sensory systems and this capacity is allocated across systems on an as-needed basis (Kahneman 1973) . As the cognitive demands for one task increase, so does its share of cognitive resources. This, in turn, reduces the resources available for an individual to simultaneously perform a second task (Rabbitt 1968) . The decrease in secondary task performance is interpreted as evidence of increased cognitive effort (Rabbitt 1968) , which is referred to as listening effort when the primary task is auditory (Downs 1982; Feuerstein 1992; Rakerd et al. 1996; Hicks & Tharpe 2002; Sarampalis et al. 2009; Gosselin & Gagne 2010 ) .
Recently, Gosselin and Gagne (2010) used a dual-task paradigm to investigate listening effort and speech recognition in noise for younger and older adults. The primary task was a closed-set sentence-recognition test in a pink-noise masker presented at a fixed signal-to-noise ratio (SNR; i.e., -12 SNR) and at an equated speech-recognition performance level of 80%. The secondary task was a vibrotactile pattern-recognition test on which participants were asked to identify pulse combinations (e.g., long-short) emanating from a vibrating device that they held in their hand. Listening effort was defined as the change in the participant's performance from the baseline to the dual-task condition on the secondary vibrotactile test. They found that older adults expended more listening effort than younger adults did in both the fixed-SNR and equated-performance conditions. Although no formal measures of cognitive function or hearing threshold levels (i.e., hearing thresholds were screened at 25 dB HL from 250 to 2000 Hz) were included in this study, the authors suggested their findings resulted from a combination of age-related changes in cognitive and sensory function.
In the present study, we used a visual-tracking task, the Digital Pursuit Rotor Tracking (DPRT) task, in a dual-task paradigm to assess listening effort in younger and older participants on a speech-recognition-in-noise task. The DPRT was developed by the Digital Electronics and Engineering Core in the Center for Biobehavioral Neurosciences in Communication Disorders at the University of Kansas (Kemper et al. 2009; Kieweg 2009 ). The DPRT is a digital version of the classic pursuit rotor tracking task (McNemar & Biel 1939) and consists of an elliptical track, and a circular target that rotates along the track, digitally displayed on a computer monitor. Participants are instructed to use the computer mouse to position an arrow over the target. Once the target begins to move around the ellipse, the participant must track the moving target using the computer mouse. The amount of time the participants moved off the target was calculated for each participant.
In the dual-task paradigm used in the present study, the DPRT was the secondary task, and sentence-recognition-innoise test was the primary task. The advantages of using the DPRT as a secondary task are that performance on the DPRT can be time locked to performance on a speech-recognition test, participants can be trained in a few minutes to perform the DPRT, and scoring of the DPRT allows the examiner to control for baseline differences between individuals. Participants' performance on this dual-task paradigm provided an objective measure of listening effort.
In summary, few auditory studies have objectively examined age-related effects on listening effort, and to date, no studies have directly examined the effect of different background maskers on listening effort. Thus, the purpose of the present study was twofold: (1) to objectively measure the listening effort young normal-hearing (YNH), older normal-hearing (ONH), and OHI participants expend on a speech-in-noise listening task using background maskers that represent a continuum of difficulty, ranging from the most difficult (two-talker [TT] ) to the least difficult (speech-shaped noise [SSN]), and (2) to directly evaluate the relationship between measures of cognitive function and listening effort on a speech-recognitionin-background-noise task.
Experimental Design and Methods Participants Participants
• Forty-six adults participated in this study: 15 YNH (aged 18-25 years; M = 21.66; SD = 2.66), 15 ONH (aged 55-77 years; M = 66.86; SD = 6.7), and 16 OHI (aged 59-76 years; M = 68.18; SD = 4.62). The sample size for this study was based on an a priori power analysis of an analysis of variance (ANOVA; difference in means = 10; SD = 8.5; Kemper et al. 2009 ) using α= 0.05 and power = 0.8 (Cohen 1988) . YNH and ONH participants had hearing thresholds less than 25 dB HL from 250 to 4000 Hz (ANSI 2003), bilaterally. OHI participants had bilateral sensorineural hearing loss with hearing thresholds less than 75 dB HL at all octave audiometric test frequencies and no more than a 15 dB difference in thresholds between ears at any test frequency. In addition, all OHI participants were experienced hearing aid users and wore hearing aids, bilaterally, for at least 6 months before participation. The mean pure-tone thresholds of the YNH and ONH participants and the mean unaided and aided pure-tone thresholds of the OHI participants averaged across the left and right ears are shown in Figure 1 .
All participants in this study were native speakers of English and had normal or corrected normal vision (i.e., 20/40 acuity) according to the Snellen eye chart. Normal-hearing listeners had good to excellent sentence-recognition scores (>80%) in quiet, and hearing-impaired listeners had good to excellent (>80%) aided sentence-recognition scores in quiet. Institutional review board approval was obtained before the commencement of this study in accordance with the Syracuse University International Review Board committee. All participants were paid an hourly wage for their participation in the study.
Listening Materials
Speech Stimuli • The Revised Speech Perception in Noise (R-SPIN) test (Bilger et al. 1984) spoken by a "female" talker was used as the speech-recognition material for this study. The sentences were recorded and digitized using the Computerized Speech Lab-4500 (Kay Elemetrics 2008) at a 44,100 Hz sampling rate. The R-SPIN consists of eight lists of 50 sentences (400 total sentences). Each 50 sentence list contains 25 highcontext sentences, where the sentence final word is predictable from the sentence context (e.g., "A chimpanzee is an ape"), and 25 low-context sentences, where the sentence final word is not predictable (e.g., "She might have discussed the ape"). The target word is always the final word in the sentence, and scores are reported as the percent of target words the participant correctly identified.
Background Maskers • The R-SPIN sentences were presented to participants in three background maskers; female TT, female six-talker babble (SIX), and an SSN. All three background maskers were spectrally shaped using Adobe Audition 3.0 (Adobe Systems Incorporated 2007) to be equal to the Long Term Average Speech Spectrum of the R-SPIN sentences (Fig. 2) . The R-SPIN sentences and the three maskers were normalized to the same root-mean-square pressure level of 70 dB SPL using Praat computer software (Praat Language Lab ©2006). Thus, the noises are spectrally similar but represent a continuum of masking difficulty, from the most difficult (i.e., female TT) to the least difficult (i.e., SSN).
The TT was originally created by Freyman et al. (2007) and consisted of two different female talkers reciting discrete nonsense sentences individually. The sentences were recorded in a 16-bit format at a 22.05 kHz sampling rate and were edited to create continuous 35 sec streams of speech for each talker. The root-mean-square outputs of the individual speech streams were equated with one another and then combined together to generate the TT masker. For this study, the 35 sec stream of TT was concatenated in Praat (Praat Language Lab ©2006) to produce a 5 min stream of TT. The TT and the eight lists of the R-SPIN were recorded onto a CD using Adobe Audition 3.0 (Adobe Systems Incorporated 2007) in a 16-bit format at a 44.1 kHz sampling rate. The SIX babble used in this study was created and edited by Freyman et al. and was concatenated and recorded onto a CD in the same manner as the previously described TT.
The SSN was generated in MATLAB using a 16-bit, 44. 1 kHz sampling rate, by passing a Gaussian noise through a finite impulse response filter with a magnitude response equal to the long-term average of the 400 R-SPIN sentences. The SSN and the R-SPIN were recorded onto a CD in a 16-bit format at a 44.1 kHz sampling rate using Adobe Audition 3.0 (Adobe Systems Incorporated 2007).
Visual Tracking
The DPRT program (Kieweg 2009) was used to measure visual motor tracking. It consists of an elliptical track with a circle-shaped target that rotates along the track and is displayed on a computer monitor. On a given trial, a participant used a cordless laser computer mouse to position a cursor over the target. When positioned over the target, the target color changed from red to green and began to move along the elliptical track. The participant tracked the moving target by keeping the cursor placed over the target, and the DPRT program calculated the percentage of time the participant was on the target. This information was stored in a data file for each participant in this study. The speed at which the target rotated around the ellipse (revolutions per minute [RPM] ) was determined before experimental testing for each participant during a DPRT practice test session. Participants practiced the DPRT to determine the tracking speed that was required for them to stay on the target approximately 80% of the time (Kemper et al. 2009 ). This level of baseline tracking performance was selected based on previously reported results using the DPRT with younger and older participants (Kemper et al. 2009 ). In addition, establishing a baseline level of 80% time on target (TOT) equated the difficulty of the secondary task across the three groups of participants and avoided any floor and ceiling effects on performance. During the practice session participants initially performed the DPRT for 30 sec and then received feedback on their tracking performance. A training procedure was used to manipulate the tracking speed on successive 30 sec trials. For each successive trial, the tracking speed was increased by 10% if the average TOT was 80% or better for the previous trial. If the average TOT was less than 80%, the tracking speed was decreased by 5% on the next successive trial. This training procedure continued until the tracking speed remained within 0.10 RPMs approximately the same value, moving up and down past this value three times. The final tracking speed was calculated as the average of the three reversal points.
Perceived Ease of Listening
We also assessed participants' perceived ease of listening in this study. This subjective rating was included in this study to examine the individual's perception of how difficult it is to listen to speech in different background noises (Feurerstein 1992; Hicks & Tharpe 2002; Gosslein & Gagne 2010) . For example, two individuals may perform equally well on a task, but one individual may expend less listening effort than the other. We assumed that the individual who expended less effort on the task would be more likely to indicate that the task was easier. A restricted magnitude-estimation scale (Geller & Margolis 1984) was used to measure perceived ease of listening. Participants were instructed to rate how easy it was to listen to R-SPIN sentences presented in the three background maskers (SSN, SIX, and TT). Specifically, they rated the ease of listening from 0, representing "very, very difficult," to 100, representing "very, very easy" listening (Geller & Margolis 1984; Feuerstein 1992) .
Cognitive Assessment Working Memory • The digital version of The Reading Span
Test (Daneman & Carpenter 1980; Rönnberg et al. 1989 ) was used to assess participants' working-memory function. In the Reading Span Test, participants were presented sentences one word at a time, at a rate of one word per 0.80 sec, on a computer screen. Half of the sentences presented were nonsense (e.g., "The train sang a song"), and half were meaningful sentences (e.g., "The girl brushed her teeth"). After each sentence, the participant was required to respond "yes" verbally for a meaningful sentence and "no" verbally for a nonsense sentence, during a 1.75 sec interval after each sentence. The "yes and no" responses were not formally scored as correct or incorrect but were meant to ensure that the participant attended to the entire sentence, not just the initial and final words. Blocks of three, four, five, and six sentences were presented to participants. Each block was presented three times to each participant for a total of 54 test sentences (i.e., 3 blocks of 3 sentences = 9 sentences; 3 blocks of 4 sentences =12 sentences; 3 blocks of 5 sentences = 15 sentences; 3 blocks of 6 sentences = 18 sentences). When all the sentences in a single block were presented, the software paused, and the word "RECALL" was displayed on the computer screen. The experimenter said either "First" or "Last" in a randomized manner, and the participant recalled as many first or last words as possible in any order. After the participant recalled as many words as possible, the experimenter continued the test with a new sequence of sentences. Performance was determined by the percent of correctly recalled words.
Processing Speed • The Digit Symbol Substitution Test
(DSST) from the Wechsler Adult Intelligence Scale-III (Wechsler 1981) was used to assess participants' perceptual speed of processing. In the DSST, participants were presented with a sheet of paper that had a code table displaying pairs of digits (1 to 9) and symbols. Beneath the code table were rows of double boxes, with the digit in the top box and nothing in the bottom box. The participants were asked to use the code table to determine which symbols were associated with each digit and to write as many symbols as possible in the empty boxes in a 120 sec period. The number of correct symbols is the score for this task. The DSST was administered to participants in a paperand-pencil format, following the standardized test instructions for administration.
Selective Attention • The Stroop Test (Stroop 1935 ) was used to assess participants' selective attention. Participants were presented a paper version of the Stroop Test, which consisted of a list of words that are the names of colors printed in a color of ink different from the color name they represent (e.g., the word RED printed in GREEN ink), and a list of asterisks (*) printed in different color ink. First, participants were given 45 sec to name the color of ink of the series of asterisks and then an additional 45 sec to name the color of ink of the printed words, as quickly as they could. Scores were calculated based on the number of words and the number of asterisks correctly named using the formula (adapted from Kemper et al. 2009 ):
Interference Score = (Number of Asterisks Correct -Number of Color Names Correct)/Number of Asterisks Correct × 100.
Procedure
Participants took part in two 2 hr test sessions. During session 1, air conduction thresholds at octave frequencies between 0.25 and 8 kHz and bone conduction thresholds at octave frequencies between 0.5 and 2 kHz were measured in a doublewalled, sound-attenuating booth using a GSI-16 audiometer with TDH-50 supra-aural earphones (American National Standards Institute 2003). Sentence recognition testing in quiet was then conducted in the sound field at 70 dB SPL using 25 sentences from the Connected Speech test (Cox et al. 1988 ), presented through a speaker located 1 m directly in front of the participant (0-degree azimuth). The three cognitive tests (i.e., the Reading Span Test, the DSST, and the Stroop Test) were also presented in session 1 in a randomized order.
During the second experimental test session, participants were administered the primary and secondary task baseline test measures and the dual-task measure. The primary-task baseline measure consisted of a sentence-recognition-in-noise task. In particular, R-SPIN sentences were presented to participants in each background-masker condition (i.e., SSN, SIX, and TT) in a randomized order via a Sony multidisc CD changer (Sony electronics Inc. 2011) routed through a GSI-16 audiometer to GSI loudspeakers located 1 m, at ear level, to the left and right of the participant's head (45-degree azimuth). The R-SPIN sentences and masker types were presented simultaneously through both the left and right speakers. The computer monitor used for the DPRT was placed directly in front (0-degree azimuth) of the participant. Presenting the signals from the speakers at 45-degree angles avoided the computer monitor from interfering with the presentation of the signals. Participants were required to repeat back the entire R-SPIN sentence they heard during a 4-sec interval that followed the presentation of each sentence. The background masker was played continuously throughout the task. The level of each masker noise was adjusted by the examiner using an adaptive procedure (Levitt 1971) to determine the SNR required for him/her to obtain approximately 76% correct on the primary baseline speech-recognition-innoise task. A fixed overall percent-correct performance level was chosen to equate the difficulty of the primary task across the three groups of participants, and to avoid any potential floor and ceiling effects. All further sentence-recognition-in-noise testing in this study was conducted for each participant using these respective SNR values. Performance was scored based on the percentage of final sentence words correctly repeated.
Participants were presented one list of 50 R-SPIN sentences at 70 dB SPL in each masker condition (i.e., SSN, SIX, and TT). The presentation order of the background-noise conditions and sentence lists was randomly selected for each participant, with no list repeated during any of the testing. Participants' percentage correct score on this task was considered their baseline speech-recognition-in-noise score. After each list of 50 R-SPIN sentences was presented, participants were asked to rate on a scale of 0 to 100 how easy it was for them to listen to the sentences as previously described in the Perceived Ease of Listening section.
The participant's performance on the DPRT measured in quiet was the secondary-task baseline measure. Participants completed a DPRT practice test session and then a 5 min DPRT baseline test session as previously described in the DPRT section. The DPRT was displayed on a 20 in Dell high-definition flat-screen monitor placed directly in front of the participant. The participants' average TOT (in percentage) was recorded and defined as their baseline DPRT score.
After primary and secondary task baseline measurements, the dual-task paradigm was administered to participants. Participants were instructed that their "main" task was to repeat the sentences, but they should simultaneously track the moving target on the computer monitor as best as they could (Downs 1982; Feuerstein 1992; Hicks & Tharpe 2002) . Participants were presented 10 R-SPIN sentences in the presence of the SSN and asked to perform the DPRT simultaneously to practice the dual task. After the practice session, participants were presented different lists of the R-SPIN sentences in each of the three background-masker conditions. The presentation order of the background-masker conditions and sentence lists was randomly selected for each participant. Participants were required to repeat back the entire sentence during the 4 sec interval that followed the presentation of each sentence. The background masker was continuously played throughout the entire task. Listening to and repeating the sentences was done while continuously tracking the moving target on the computer screen. The dual-task performance scores (i.e., speech-recognition percentage correct scores and percent TOT scores) were recorded for each masker condition.
The OHI participants performed the procedure described earlier with Audiosync Now NT behind-the-ear hearing aids coupled to disposable canal earmolds with no venting, bilaterally. All special hearing aid features (i.e., noise-reduction algorithms, directional microphones) were disabled in the hearing aids during all testing. The gain of the hearing aids was determined based on the Desired Sensation Level prescriptive method (Scollie et al. 2005) . The Desired Sensation Level targets were generated using the Starkey Inspire 2010.2 software in NOAH and verified with the Audioscan Verifit VF-1 real ear system (Dorchester, ON, Canada). The frequency response of the hearing aids was adjusted as neces sary so that the insertion gain was within 5 dB across the prescribed values for 0.25, 0.5, 1, and 2 kHz and within 10 dB for 4 and 6 kHz at an input signal of 70 dB SPL for each OHI participant.
In this study, the purpose of the hearing aids was to ensure that the speech presented during testing was audible to the OHI participants. Audibility was calculated using the Speech Intelligibility Index (SII). The SII is a measure ranging between 0.0 and 1.0, which is highly correlated with the intelligibility of speech (ANSI 1997) , and can be used to predict speechrecognition scores for specific speech materials (Sherbecoe & Studebaker 2003) . SII scores were computed for all participants using the online calculation based on the ANSI S3.5-1997 procedure. SII scores ranged from 0.64 to 0.84 (M = 0.73; SD = 0.05) for the OHI participants, from 0.82 to 0.85 for the ONH participants (M = 0.84; SD = 0.01) and were 0.85 for the YNH participants (M = 0.85; SD = 0.00). These SII scores correspond to 99% speech intelligibility for the OHI participants and 100% speech intelligibility for the YNH and ONH participants for R-SPIN sentences presented in quiet (Sherbecoe & Studebaker 2003) . This verified that the speech was audible for all participants in this study.
RESULTS

Cognitive Measures
Participants in this study were given a battery of cognitive tests designed to measure working memory (Reading Span Test), processing speed (DSST), and selective attention (Stroop Test) . Mean scores and standard deviations on the three cognitive tests are shown for the three groups of participants in Table 1 . On all three tests the YNH participants performed better than the ONH or the OHI participants, except on the Stroop Test. The group means for the cognitive measures were compared using a series of one-way ANOVAs with group as the betweensubjects factor. The ANOVAs showed significant differences among the three groups of participants for the Reading Span Post hoc multiple comparisons using a Bonferroni-adjusted critical alpha level were performed to further examine the effect of group. There was a significant difference (p = 0.003) in Reading Span scores between the YNH and OHI groups. Specifically, the OHI participants recalled fewer words correctly on the Reading Span Test compared with the YNH participants in the study. However, there were no significant differences (p > 0.05) in Reading Span scores between the two older groups (i.e., ONH and OHI) or between the ONH and the YNH participants.
The YNH group of participants scored significantly higher (p < 0.001) on the DSST (i.e., indicating faster perceptual processing speed) compared with both groups of older participants. In addition, ONH participants scored significantly (p = 0.043) higher on the DSST compared with OHI participants. The only significant difference in scores on the Stroop Test was between the two groups of older participants. Specifically, ONH participants had significantly (p = 0.02) higher interference scores (i.e., a higher score indicates poorer performance) compared with the OHI participants.
Baseline Measures
Primary-Task Performance • The SNR was adjusted so that participants' overall performance on the primary-task baseline condition (i.e., sentence recognition in background noise) was approximately 76% in each of the three background-masker conditions (TT, SIX, and SSN). A split-plot ANOVA with group as the whole-plot factor and background masker as the subplot factor revealed no significant (p > 0.05) main effects of background masker or group. Thus, there was equivalent performance on the task by the three groups of participants in this study.
The mean SNRs required for 76% sentence recognition in noise are shown in Figure 3 for the three groups of participants. The SNR group means were compared using a split-plot ANOVA, with group as the whole-plot factor and background masker as the subplot factor. Results revealed significant main effects of background masker (F[2,129] = 82.4; p < 0.001) and group (F [2,129] = 90.647; p < 0.001), but there was no significant (p > 0.05) interaction between group and background masker. To further examine the effect of masker and group, post hoc pairwise comparisons using a Bonferroni-adjusted critical alpha level were performed. All participants needed significantly (p < 0.001) more favorable SNRs to obtain 76% on the R-SPIN in the TT and SIX masker conditions compared with the SSN condition, but the most favorable SNRs were required for the TT condition. This indicates that the TT condition was the most difficult for all the participants. Compared with the YNH participants, both groups of older participants needed significantly (p < 0.001) more favorable SNRs in all three masker conditions to achieve approximately 76% sentence-recognition score. The OHI participants required the most favorable SNRs (p < 0.001) in all masker conditions compared with YNH and ONH participants.
Participants were asked to subjectively rate the difficulty of the sentence-recognition-in-noise task (i.e., perceived ease of listening) from 100 (very, very easy) to 0 (very, very difficult) in each background-masker condition (SSN, SIX, and TT) during the primary-task baseline test session. Mean perceived ease-oflistening rating scores for the TT, SIX, and SSN maskers for the three groups of participants are plotted in Figure 4 . Group means for perceived ease of listening ratings were compared using a split-plot ANOVA analysis with the whole-plot factor of group and the subplot factor background noise masker. Results revealed significant main effects of background masker (F[2, 129] = 27.4; p < 0.001) and group (F[2, 129] = 7.45; p < 0.001). There was no significant (p > 0.05) interaction between group and background masker. To further examine the effect of masker and group, post hoc pairwise comparisons using a Bonferroni adjusted critical alpha level were performed. Results indicated that all participants perceived that listening to R-SPIN sentences was easiest in the SSN condition (p < 0.001) and most difficult (p < 0.001) in the TT condition. There were no significant (p > 0.05) differences in rating scores between the YNH and either group of older participants (ONH and OHI). However, the ONH participants rated the listening conditions significantly (p < 0.001) lower (i.e., they perceived listening was more difficult) than the OHI participants did.
The relationship between participants' cognitive function and speech-understanding performance in background noise was evaluated using a series of Pearson correlations. See 
Secondary-Task Performance • Participants initially prac-
ticed the DPRT to determine the tracking speed they needed to achieve a TOT score of approximately 80% on the baseline DPRT condition (i.e., performing the DPRT without the primary task). Mean tracking speeds were 1.85 (SD = 0.67), 0.88 (SD = 0.17), and 1.29 (SD = 0.37) RPMs for the YNH, ONH, and OHI groups, respectively. There was a significant difference (one-way ANOVA; F[2, 44] = 16.9; p < 0.001) in tracking speeds across the three groups of participants. Post hoc multiple comparisons using a Bonferroni-adjusted critical alpha level revealed that the YNH participants' tracking speed was significantly faster (p < 0.001) than both groups of older participants. However, there was no significant difference (p > 0.05) in tracking speed between the two older groups. Baseline TOT scores were 77.6% (SD = 4.1), 82.3% (SD = 2.1), and 80.03% (SD = 4.5) for the YNH, ONH, and OHI groups, respectively. A one-way ANOVA [F(2, 44) = 5.8; p = 0.004] showed a significant difference in baseline TOT scores between the groups. Specifically, post hoc multiple comparisons using a Bonferroni adjusted critical alpha level, revealed that TOT scores were significantly different between the younger and ONH participants. Dual-Task Performance • Listening effort was calculated as the "change" in a participant's performance on the secondary task (i.e., DPRT) from the baseline to the dual-task condition, whereas their performance on the primary task remained constant. To ensure the participants in this study maintained their performance on the primary task, we compared their speechrecognition scores obtained on the baseline primary-and dualtask conditions (Fig. 5) . Using a three-way ANOVA, group means for sentence-recognition scores in the dual-and primarytask conditions were compared, with group as the between-subjects factor and background masker (SSN, SIX, and TT) and condition (primary and dual-task) as the within-subject factors. Results revealed that there were no significant (p > 0.05) differences in sentence-recognition scores between the baseline and the dual-task across masker conditions or between the three groups of participants.
Listening effort in this study was calculated as the change in DPRT performance from baseline (i.e., DPRT performance obtained in quiet) to the dual-task condition (i.e., DPRT performance obtained while the participant simultaneously performed the R-SPIN in the three background-masker conditions). To control for differences in the baseline DPRT performance among individual participants, listening effort was computed using the following formula ( Post hoc pairwise comparisons using a Bonferroni-adjusted critical alpha level indicated that YNH participants exerted significantly (p = 0.018) more effort in the SIX masker condition compared with the SSN condition. ONH and OHI participants' expended significantly (p < 0.05) more listening effort than YNH participants did when processing speech in the TT and SSN masker conditions relative to the SIX masker condition. However, there was no significant difference in listening effort between the two groups of older participants on any of the masker conditions.
To compare participants' speech-recognition performance for high-versus low-context sentences, percent-correct scores were calculated separately for the high-and low-context subsets of each R-SPIN sentence list. All three groups of participants in this study scored better on the high-context sentences compared with the low-context sentences. See Table 3 for the means and standard deviations of percent-correct scores for the high-and low-context sentences in the three masker conditions for the YNH, ONH, and OHI participants. The group means for the difference in sentence-recognition scores between the high-and low-context conditions were compared using a split-plot ANOVA with the whole-plot factor group and subplot factor background noise masker. Results revealed significant main effects for masker (F [2,113] = 3.83; p = 0.025) and group (F [2,113] = 13.386; p < 0.001). The interaction between group and masker was not significant (p > 0.05). Post hoc pairwise comparisons using a Bonferroni-adjusted critical alpha level indicated that the difference between highand low-context performance scores was significantly (p = 0.020) smaller for the SIX masker condition compared with the SSN condition. However, there was no significant (p > 0.05) difference between the TT and SIX or the TT and SSN masker conditions. Both groups of older participants (ONH and OHI) had significantly (p < 0.001) greater differences in performance scores between the high-and low-context conditions compared with the YNH participants. However, there was no significant (p > 0.05) difference in scores between the two older groups. This suggests that the older participants benefited more from the contextual cues in the sentences than the younger participants. Despite significant differences in percent-correct scores for the high-and low-context conditions, there were no significant differences in the amount of listening effort participants' expended on the high-and low-context sentences of the R-SPIN across the masker conditions for all three groups of participants (Fig. 7) .
To examine the effect of individual differences in cognitive ability on listening effort, a series of Pearson correlations were used to determine the strength of association between the variables listening effort and the participants' performance on the three cognitive tests, the Reading Span, the DSST, and the Stroop (Table 4) . Results revealed that listening effort in the SSN condition was significantly (p < 0.05) negatively correlated with participants' performance on the Reading Span Test and the DSST. In addition, listening effort in the TT condition was significantly (p < 0.05) negatively correlated with participants' performance on the Reading span Test. There were no significant (p > 0.05) correlations observed between listening effort in the SIX talker condition and participants' performance on any of the cognitive measures or between listening effort and the Stroop Test in any of the three masker conditions.
DISCUSSION
In the present study, we examined the association between cognitive function and speech recognition in three background maskers for a group of younger and older listeners with normal hearing and a group of older listeners with hearing impairment. To understand this complex relationship better, we used traditional speech recognition in noise tasks, perceived ease-oflistening ratings, cognitive measures, and measures of objective listening effort.
Specifically, we assessed speech recognition in noise using three different background maskers (i.e., SSN, SIX, and TT) that represent a continuum of masking difficulty from the least difficult nonspeech masker SSN to the most difficult TT (Freyman et al. 1999 (Freyman et al. , 2007 . We hypothesized that this continuum of difficulty would, in turn, make the speech-recognition-in-noise task more effortful. Consistent with the continuum of difficulty, all the participants required more favorable SNRs in the TT condition compared with the SIX and SSN conditions, to achieve an overall performance score of 76% on the speech-recognitionin-noise tasks. In addition, all three groups of participants subjectively rated the SSN masker condition the easiest and the TT masker condition to be the most difficult.
Not surprisingly, the OHI group required the most favorable SNRs across the masker conditions compared with the other two groups of participants in this study. However, it is interesting that they did not rate listening to be more difficult across all three masker conditions compared with the ONH and YNH groups. This might be because older adults with hearing loss may have more experience listening under difficult listening conditions. In this study, we adjusted the SNRs for participants to obtain 76% speech-recognition scores in each background masker condition. It is possible that this fixed performance condition may be similar to or even easier than some of the OHI participants' everyday listening conditions. Therefore, to them, the difficult listening conditions in this study were similar to their "normal" listening conditions in everyday life.
We directly evaluated the relationship between participants' speech recognition in noise performance (i.e., SNRs to achieve 76% performance) and their cognitive function (i.e., working memory, processing speed, and selective attention). Significant correlations were obtained for the participants' speechrecognition performance in all three masker conditions (SSN, SIX, and TT) and their working memory and perceptual processing-speed ability. However, no significant correlations were observed between selective attention and speech-recognition abilities in any masker condition. Thus, our results suggest that participants' working memory and processing-speed abilities are more predictive of speech-recognition performance in noise than selective attention. This finding is largely consistent with findings of several other studies that have demonstrated similar relationships between speech recognition and cognitive function (Vaughn et al. 2006; Lunner et al. 2007; Rudner et al. 2007; Akeroyd 2008) . For example, Akeroyd (2008) , in a review of more than 20 studies examining speech recognition in noise and cognitive function, found that a primary predictor of speechrecognition performance in noise was listeners' working-memory capacity, as measured by the Reading Span Test.
The primary objective of this study was to assess the listening effort participants expended on a speech-recognition task in three types of background maskers. To measure listening effort, we used the DPRT in a dual-task paradigm. We found that the older participants expended significantly more listening effort to understand sentences in the TT and the SSN masker conditions than the younger participants did. This suggests older adults need to expend more effort than younger adults to obtain similar speech-recognition scores (approximately 76%) in speech TT and nonspeech SSN background maskers. Our results are consistent with that of other dual-task paradigm studies that have reported older adults expend more processing resources than younger adults when understanding speech in background noise (Downs 1982; McCoy et al. 2005; Gosselin & Gagne 2010) . According to studies using functional magnetic resonance imaging,, for older adults to obtain similar performance scores on a speech-recognition-in-noise task, they need greater activation in the cognitive regions (i.e., prefrontal cortex) of the brain than younger adults do (Cabeza et al. 2002; Desjardins 2002; Wong et al. 2009 ), which is also consistent with the increased listening effort/processing resources we observed in the present study. However, in some studies, age-related deficits in dualtask performance have been attributed to deficits in executive control/attention switching (Hartley & Little 1999; Glass et al. 2000; Hein & Schubert 2004 ) and general cognitive slowing (for a review, see Verhaeghen et al. 2003) .
A unique aspect of our study is that, in addition to examining listening effort in younger and older participants with normal hearing, we also examined listening effort in a group of older participants with hearing impairment. The OHI participants in this study were experienced hearing aid users fitted with behind-the-ear hearing aids, bilaterally, to ensure that the stimuli presented during all testing was audible. It is interesting that there were no significant differences in listening effort observed between the ONH and the aided OHI participants in this study. This suggests that older adults required more cognitive resources to understand speech in background noise than younger adults did. Although this finding is consistent with several findings of studies that have examined speech recognition in noise in younger and older adults (Dubno et al. 1984 al. (2009), which examined the effect of perceptual effort on recall of word lists by younger and older listeners with "good hearing" and mild-to-moderate hearing loss. Specifically, the authors found that, even though the signal was presented at an audible level, older listeners with hearing loss had the largest change in performance (from the baseline to the dual-task condition) on a secondary visual-tracking task while recalling word lists. Thus, they concluded that older adults with hearing impairment expend more effort recalling words compared with younger and older normal hearing adults. It is likely that the OHI participants in our study expended similar listening effort as their normal-hearing counterparts because of, in part, the spectral shaping of the speech stimuli provided by the hearing aids the participants wore during testing. For example, it has been shown that the spectral shaping of a stimulus or using well-fitting amplification can help minimize some aspects of a peripheral hearing deficit, although it has not been shown to address age-related deficits in higher-level processing (George et al. 2007; Humes 2007; ). Thus, the OHI participants in our study expended similar listening effort on the speech-recognition-in-noise task as the ONH participants because we were able to minimize the contribution of peripheral hearing impairment through the use of well-fitting amplification.
We directly measured the relationship between participants' listening effort on speech-recognition-in-noise tasks and their cognitive ability. We found that the listening effort participants expended on the SSN and TT masker conditions was significantly associated with their working memory and processingspeed ability. This is consistent with other studies that have suggested that listening in noise is more difficult and effortful for older participants, because they must exert more cognitive resources to maintain listening performance similar to YNH participants (Desjardins 2002; Gosselin & Gagne 2010) . Our results are also consistent with a recent magentic resonance inmaging study (Wong et al. 2010) , which reported a strong relationship between speech recognition in noise and cognitive function. Specifically, Wong et al. (2010) examined speech recognition in noise in a group of older and younger adults with normalhearing thresholds, using behavioral and magentic resonance inmaging measures. The authors found that older adults who performed poorest on the behavioral speech-understanding-innoise task had a smaller prefrontal cortex volume and thickness compared with younger and older listeners who performed best on the speech-recognition-in-noise task. They describe their results as consistent with the neural compensation hypothesis, which states that some older adults are able to compensate for declines in performance by recruiting more general cognitive areas of the brain such as the prefrontal cortex. Surprisingly, the only significant difference in listening effort across the three masker conditions was that the YNH group expended more listening effort on the SIX masker condition than on the SSN condition. Overall, the lack of difference observed in listening effort across the three masker conditions may be because we adjusted the SNRs so that participants obtained approximately 76% on the primary speech-recognition-in-noise task. If we had used a fixed SNR across the masker conditions, then participants' speech-recognition scores on the TT listening condition would have been poorer than on the SSN condition, and overall poorer for the OHI group compared with the YNH group. For example, one of the OHI participants required the SNR to be 5 dB more favorable in the TT than in the SSN masker condition to obtain a 76% correct recognition score.
We intentionally adjusted SNRs to ensure that the primary task was equally difficult for each group of participants and to remove potential floor and ceiling effects that could have resulted from using fixed SNRs. However, if we had used a fixed SNR in this study, our overall conclusions (i.e., older listeners expended more listening effort on a speech-in-noise task than younger listeners did) would have likely been the same, but the size of the difference in listening effort observed across the two groups would have been greater. For example, Gosselin and Gagne (2010) measured listening effort using a dual-task paradigm under two conditions, one with a fixed SNR and the other with the SNR adjusted to equate for percent-correct performance. Both test conditions provided the same result, which was that older listeners' expended more effort listening to speech-inbackground noise than the younger listeners did. However, in the fixed-SNR condition, the older adults expended more listening effort than in the equated percent-correct performance condition. We would have expected a similar finding in our study if we had included a fixed-SNR condition. That is, a greater difference in listening effort would have been observed between the younger and older participants with a fixed SNR, but the basic conclusion would have been the same as that observed with the SNR adjusted to equate for percent-correct performance.
Consistent with other studies (Doherty & Lutfi 1996) our results demonstrate that overall percent-correct scores on speech-recognition tasks provide only a general measure of listeners' speech perception abilities. For example, the older and younger listeners in this study were provided SNRs to achieve similar percent-correct scores (~76%) on the sentence-recognition-in-noise tasks, which equated their ability to understand speech in background noise. However, the older participants' expended significantly more listening effort than the younger participants to perform similarly on the task. Thus, when speech-recognition ability is based solely on a listener's speechrecognition score, it could mislead the clinician or researcher to assume an individual has little difficulty understanding speech in noise, when in fact it could be very challenging for them.
Participants' speech-recognition performance for highversus low-context sentences was also assessed in this study. Percent-correct scores were separately calculated for the highand low-context subsets of each R-SPIN sentence list. All three groups of participants scored significantly better on the highcontext compared with the low-context sentences. The difference between the high-and low-context scores was significantly greater for both groups of older participants compared with those of the younger participants, which suggests that older participants, independent of peripheral hearing impairment, benefited more from the contextual cues in the sentences than the younger participants did. Pichora-Fuller et al. (1995) found a similar significant difference in the psychometric functions for high-and low-context SPIN sentences in younger and older adults. They concluded that, in difficult listening situations, older listeners must rely more on the context in sentences than younger listeners do. They contend that older adults' reliance on contextual cues requires them to expend greater listening effort to understand speech in background noise compared with younger adults.
Although we did observe a difference in overall listening effort across the younger and older participant groups, that is, both groups of older participants expended significantly more listening effort to understand speech in background noise compared with the younger participants, we did not find any significant difference in listening effort for the high-and lowcontext sentences across or within the participant groups. It is interesting that, in the SIX masker condition, the YNH listeners made less use of the contextual information in the sentences compared with the other masker conditions. Perhaps, this may have made the SIX masker condition more effortful for the YNH listeners. Although it has been shown that younger listeners with normal hearing do not rely as much on the context in sentences as older listeners do (Pichora-Fuller et al. 1995) , it is unclear why the YNH listeners in this study made less use of context in the SIX masker condition compared with the SSN and TT conditions.
CONCLUSIONS
In conclusion, findings from the present study support the complaint often cited by older adults, that understanding speech in noisy listening situations is challenging. The primary findings from this study are as follows: (1) older listeners with and without hearing loss expend significantly more listening effort than younger listeners do to obtain the same speech-recognition score in a TT and an SSN background masker, (2) normal-hearing and hearing-impaired older listeners expend the same listening effort to understand speech spoken in both speech and nonspeech background-noise maskers, (3) working memory and processing speed are significantly associated with speech-recognition performance in noise (speech and nonspeech) for both younger and older listeners, and (4) working memory and processing speed are significantly correlated with listening effort on speech-innoise recognition tasks (TT and SSN maskers).
